The mass of regenerating tissues, such as bone, is critically dependent on the number of executive cells, which in turn is determined by the rate of replication of progenitors and the life-span of mature cells, reflecting the timing of death by apoptosis. Bone mass can be increased by intermittent parathyroid hormone (PTH) administration, but the mechanism of this phenomenon has remained unknown. We report that daily PTH injections in mice with either normal bone mass or osteopenia due to defective osteoblastogenesis increased bone formation without affecting the generation of new osteoblasts. Instead, PTH increased the life-span of mature osteoblasts by preventing their apoptosis -the fate of the majority of these cells under normal conditions. The antiapoptotic effect of PTH was sufficient to account for the increase in bone mass, and was confirmed in vitro using rodent and human osteoblasts and osteocytes. This evidence provides proof of the basic principle that the work performed by a cell population can be increased by suppression of apoptosis. Moreover, it suggests novel pharmacotherapeutic strategies for osteoporosis and, perhaps, other pathologic conditions in which tissue mass diminution has compromised functional integrity.
Introduction
The adult human skeleton is continually renewed by temporary anatomic structures comprising teams of juxtaposed osteoclasts and osteoblasts -2 specialized cell types that originate from progenitors residing in the bone marrow. Orderly supply of osteoclasts and osteoblasts is evidently essential for skeletal homeostasis, as changes in their number are largely responsible for the mismatch between bone formation and resorption that underlies most systemic or localized bone diseases, including osteoporosis (1) (2) (3) (4) .
While several agents are capable of decreasing bone resorption and halting further bone loss in osteopenic states, the ideal drug would be an anabolic agent that increases bone mass by rebuilding bone. It is well established that daily injections of low doses of parathyroid hormone (PTH), an agent better known for its role in calcium homeostasis, increase bone mass in animals and humans (5) (6) (7) (8) (9) (10) (11) , as does the PTH-related protein (PTHrP), the only other known ligand of the PTH receptor (12, 13) . The mechanism of this anabolic effect, however, has not been established. Heretofore, it was widely believed that the anabolic effect of PTH was the result of increased osteoblast differentiation (5) .
The rate of bone formation is largely determined by the number of osteoblasts (14) , which in turn is determined by the rate of replication of progenitors and the life-span of mature cells, reflecting the timing of death by apoptosis. Because of evidence that apoptosis is the fate of the majority of osteoblasts (15) , changes in the prevalence of osteoblast apoptosis should alter the rate of bone formation. Here it is shown that the increased osteoblast number, bone formation rate, and bone mass caused by intermittent administration of PTH to mice with either normal or reduced osteoblastogenesis is due to an antiapoptotic effect of the hormone on osteoblasts.
Methods
Mice. Four-to 5-month-old male or female SAMR1 and SAMP6 mice were from a colony established from breeders provided by Toshio Takeda (Kyoto University, Kyoto, Japan). Mice were maintained and used in accordance with National Institutes of Health (NIH) guidelines on the care and use of laboratory animals. Individual mice were electronically tagged at weaning (BioMedic Data Systems Inc., Seaford, Delaware, USA) and were fed a standard rodent diet (Agway RMH 3000; Amersham Life Sciences Inc., Arlington Heights, Illinois, USA) ad libitum. To examine the effect of PTH on bones, the mice were given daily subcutaneous injections of vehicle (0.9% saline, 0.01 mM β-mercaptoethanol, 0.1 mM acetic acid) or 400 ng/g body weight of hPTH(1-34) (Bachem California, Torrance, California, USA) dissolved in vehicle.
Determination of bone mineral density. The bone mineral density (BMD) of the spine and hindquarters was determined by dual-energy x-ray absorptiometry (QDR 2000 Plus; Hologic Inc., Bedford, Massachusetts, USA) as described previously (3) . Before the experiment began, BMD determinations were performed at 2-week intervals to identify the peak adult bone mass in order to ensure that effects of PTH would be assessed in the nongrowing skeleton. The evaluation of each scan was based on the exact positioning and placement of the region of interest on the baseline scan using the "Compare" technique (3, 4) .
Determination of osteoblast progenitors. Femoral marrow cells from each animal were cultured separately at 2.5 × 10 6 cells per 10-cm 2 well and maintained for 28 days in phenol red-free α-MEM containing 15% preselected FBS (HyClone Laboratories, Logan, Utah, USA) and 1 mM ascorbate-2-phosphate (16) . Von Kossa's method was used to identify and enumerate colonies containing mineralized bone matrix, which were designated CFU-osteoblast (CFU-OB) colonies. Because each colony is derived from a single osteoblast progenitor, the number of CFU-OB colonies reflects the number of mesenchymal progenitors present in the original bone marrow isolate that are capable of differentiating into osteoblasts (16, 17) .
Histomorphometry. Measurements of the femoral length and the midshaft diaphyseal cortical width were made with a digital caliper at a resolution of 0.01 mm (Mitutoyo model 500-196; Ace Tools, Fort Smith, Arkansas, USA). Histomorphometric examination of 5-µm-thick bone sections was performed using a computer and digitizer tablet (Osteomeasure Version 3.00; Osteometrics Inc., Atlanta, Georgia, USA) interfaced to a Zeiss Axioscope (Carl Zeiss Inc., Thornwood, New York, USA) with a drawing tube attachment (4, 18) . Measurements were confined to the secondary spongiosa of the distal femur to ensure that only remodeling sites were analyzed. The terminology and units used are those recommended by the Histomorphometry Nomenclature Committee of the American Society for Bone and Mineral Research (19) . The rate of bone formation (µm 2 /µm/d) was calculated from the extent of bone surface labeled with tetracycline (viewed using epifluorescence) and the distance between the labels in areas where 2 labels are present. Osteoid was recognized by its distinct characteristics when stained with toluidine blue, and osteoblasts were identified as plump cuboidal cells with a perinuclear clear zone on osteoid surfaces. Wall width represents the amount of bone synthesized by a team of osteoblasts, and was measured as the distance from the quiescent bone surface to a cement line in the underlying bone demarcating the site at which bone formation began (4, 18) . Cement lines used in wall-width measurements were curvilinear or scalloped and reached the quiescent cancellous surface. The existence of new packets of bone abutting old ones at the cement lines was verified using polarized light to see the different orientation of the lamellae in the packets. These features distinguish the cement lines from straight or evenly curved arrest lines, which are always parallel to the collagen lamellae, are thicker than the cement line, and never reach the surface (20) . Osteocytes were identified inside lacunae in mineralized bone. Osteoclasts were recognized by staining with tartrate-resistant acid phosphatase (3) .
Determination of apoptotic osteoblasts and osteocytes in vivo. Apoptotic osteoblasts were detected in sections of nondecalcified vertebral bone by the terminal deoxynucleotidyl transferase-mediated nick end labeling (TUNEL) reaction using reagents from Oncogene Research Products (Cambridge, Massachusetts, USA) as previously described (4), with the following modifications. Sections were heated in a microwave oven in 0.1 M citrate (pH 6.0) for 4 minutes at 45°C, incubated in 0.5% pepsin in 0.1 N HCl for 20 minutes at 37°C, rinsed with TBS buffer containing 2% BSA, and then incubated with Klenow terminal deoxynucleotidyl transferase and biotinylated dUTP. After repeated rinses in buffer, sections were incubated with streptavidin-horseradish peroxidase conjugate and subsequently incubated with diaminobenzidine. To improve the sensitivity of the reaction, sections were then incubated for 1-2 minutes with 0.15% CuSO4 in 0.9% NaCl (21, 22) . TUNEL-positive hypertrophic chondrocytes were observed at the lateral margins of the growth plates, serving as an internal positive control for each bone section. In each TUNEL-labeling assay, plastic-embedded sections of weaned rat mammary tissue were used as a positive control. Negative controls were made by omitting the transferase.
Cultured cells. Osteoblastic cells were isolated from calvariae of 3-to 6-day-old C57BL/6 mice by sequential collagenase digestion (23); cultured for 5-8 days in α-MEM (GIBCO-BRL, Grand Island, New York, USA) supplemented with 10% FBS (Sigma Chemical Co., St. Louis, Missouri, USA); and frozen in liquid N2 until used. Murine osteocyte-like MLO-Y4 cells (provided by L. Bonewald, University of Texas Health Science Center at San Antonio, San Antonio, Texas, USA) were transduced with the pLXSN retroviral vector containing a construct encoding enhanced green fluorescent protein (EGFP) (CLONTECH Laboratories Inc., Palo Alto, California, USA) with the SV-40 large T antigen nuclearlocalization sequence attached to the COOH-terminus (24) . The construct was prepared by C.A. O'Brien (University of Arkansas for Medical Sciences, Little Rock, Arkansas, USA). Stably transduced cells were selected for neomycin resistance using G418 (Sigma Chemical Co.). MLO-Y4 cells were cultured on collagen-coated plates in α-MEM supplemented with 5% FBS and 5% bovine calf serum. Murine osteoblastic MC3T3-E1 cells and human osteoblastic MG-63 cells were cultured as previously described (15) .
Determination of osteoblast and osteocyte apoptosis in vitro. The pyknotic fragmented nuclei typical of apoptotic cells were viewed using HOECHST 33258 fluorescent dye (Polysciences Inc., Warrington, Pennsylvania, USA), at a concentration of 1 µg/mL in 0.5 M NaCl, 10 mM Tris-HCl, 1 mM EDTA (pH 7.4) in osteoblastic calvaria cells, and by EGFP fluorescence in MLO-Y4 osteocytes. Trypan blue staining (0.1% final concentration) was used for routine quantification of apoptosis (15) . Briefly, nonadherent cells were combined with adherent cells released from the culture dish with trypsin-EDTA, centrifuged, and resuspended in PBS. The percentage of cells exhibiting both nuclear and cytoplasmic staining was determined using a hemocytometer. Previous findings indicated that the percentage of apoptotic cells determined by trypan blue staining corresponded to that determined by TUNEL staining (15) . Using a recently described double-labeling procedure (25), we have also established that more than 90% of trypan blue-stained cells also exhibited red TUNEL labeling using NovaRed (Vector Laboratories, Burlingame, Cali-fornia, USA) as peroxidase substrate in cell cultures treated with TNF, dexamethasone, or etoposide to induce apoptosis (data not shown).
Statistics. Statistical analyses were performed using SAS software (SAS Institute Inc., Cary, North Carolina, USA) or SigmaStat (SPSS Science, Chicago, Illinois, USA). Unless otherwise indicated, data were analyzed by t test or ANOVA after establishing normal distribution of data and homogeneity of variances. For longitudinal analysis of the effect of PTH on BMD, a mixed-effects longitudinal ANOVA model was used to allow specification of the covariance structure.
ANOVA could not be used to analyze the prevalence of apoptosis in vivo because of the low frequency of apoptotic cells and the heterogeneity of variance inherent in such proportional data. Therefore, exact logistic regression (LogXact; Cytel Corp., Cambridge, Massachusetts, USA) was used to analyze data when apoptotic cell counts from several animals were combined. The Grizzle-Starmer-Koch (GSK) categorical general linear regression model (26) was used to analyze data when apoptotic cell counts from each animal were measured. This method uses a weighted least squares approach to evaluate the variability of apoptosis prevalence among animals within groups, as compared with the variability between experimental groups (similar to ANOVA), and accounts for the variance structure of the categorical data. For these reasons, it is well suited for analysis of rare events. Because some bone sections contained no apoptotic cells, 0.5 was added to every frequency count to permit use of this procedure. This is a commonly used technique for handling the computational difficulties posed by sampling zeros (27) .
Results
Daily subcutaneous injections of 400 ng/g of human PTH [hPTH(1-34)] over a 4-week period progressively increased BMD in adult mice with normal bone mass (SAMR1) or in mice with osteopenia (3) due to impaired osteoblastogenesis and decreased bone formation (SAMP6) (Figure 1a) . This effect was greater in the hindlimbs than in the spine (not shown) and did not involve bone growth, as reflected by the lack of change in the length of the femur or its width at the diaphysis (Table 1) . Remarkably, the increase in BMD was similar in the 2 strains, even though the baseline values were different (Figure 1b) .
Consistent with the BMD increase, histomorphometric analysis of sections of cancellous bone from the distal femurs of mice of either strain treated with PTH showed increased cancellous bone area that correlated with the increased hindlimb BMD (r = 0.53; P < 0.001). The latter could be explained by the increase in the number of osteoblasts covering the bone surface and by the increased rate of bone formation ( Table 1) . As expected from these changes, the amount of osteoid (the matrix produced by osteoblasts) was increased, as was the bone formation rate and the amount of bone estimated to be produced by each team of osteoblasts (wall width). The newly formed bone had normal lamellar architecture, as opposed to the woven bone seen in severe hyperparathyroidism ( Figure 2 ).
As shown in Table 1 , the number of osteoclasts was not increased by administration of PTH in either strain, indicating that neither bone resorption nor bone remodeling was increased by the 400 ng/g/d dose of the hormone used in our studies. This dose was chosen on the basis of preliminary studies indicating that the effect of 80 ng/g/d on BMD in SAMR1 mice was not as strong as that of 400 ng/g/d (data not shown). The latter dose is equivalent to 235 ng/g/d in the rat after correction for metabolic body weight (28) . Although this dose is relatively high, our findings are consistent with previous evidence that the anabolic effect of 400 ng/g/d hPTH(1-34) in rats occurred without an increase in bone resorption (9) .
Because osteoblasts are short-lived cells (approximately 200 hours in mice) (4, 15) , the increase in the number of osteoblasts seen in the PTH-treated mice could be the result of either an increase in the formation of new osteoblasts or the prolongation of their life-span. Enu-
Figure 1
Effect of PTH on BMD. Mice (n = 6-7 per group) were given daily injections of vehicle (0.9% saline, 0.01 mM β-mercaptoethanol, 0.1 mM acetic acid) or 400 ng/g body weight of hPTH(1-34) dissolved in vehicle for 28 days. BMD was determined by dual-energy x-ray absorptiometry 1 day before initiation of the experiment (baseline scan) and at weekly intervals thereafter. (a) Mean ± SD change in hindlimb BMD from baseline. *P < 0.05 vs. vehicle, established using a mixed-effects longitudinal ANOVA model to allow specification of the covariance structure. (b) Mean ± SD BMD of hindlimb of SAMR1 and SAMP6 mice before (Initial) and after (Final) 28 days of treatment with hPTH(1-34). *P < 0.05 vs. initial by paired t test; ‡ P < 0.05 vs. SAMR1 by Student's t test.
meration of osteoblast progenitors in ex vivo bone marrow cell cultures, an index of de novo osteoblastogenesis (3), showed no difference between PTH-and vehicletreated animals ( Table 1 ). The lack of effect of PTH on osteoblast progenitors was documented in the normal mouse strain (SAMR1), as well as in the strain with the diminished baseline osteoblastogenesis (SAMP6), clearly demonstrating that an increase in the formation of new osteoblasts could not account for the increased osteoblast numbers seen in both strains.
Strikingly, however, the proportion of osteoblasts undergoing apoptosis, as determined by TUNEL labeling, was greatly decreased in animals of either strain receiving PTH (Table 1) . Table 2 shows counts of apoptotic osteoblasts determined with 2 separate assays. When TUNEL was performed without CuSO4 enhancement, no apoptotic osteoblasts were detected among the 3,700 osteoblasts examined in PTH-treated SAMR1 mice, and only 1 apoptotic osteoblast was seen among the 2,200 examined in PTH-treated SAMP6 mice, whereas 5 of 1,500 (0.3%) and 7 of 1,750 (0.4%) were apoptotic in vehicle-treated SAMR1 and SAMP6 mice, respectively. When CuSO4 was used to enhance TUNEL labeling, the average proportion of apoptotic osteoblasts using TUNEL labeling was 0.4 ± 0.5% in PTH-treated SAMR1, as compared with 1.7 ± 1.0% for vehicle-treated SAMR1. Similarly, the average proportion of apoptotic osteoblasts in PTH-treated SAMP6 was 0.1 ± 0.3%, as compared with 2.2 ± 1.4% for vehicle-treated SAMP6. The prevalence of apoptotic osteoblasts in vehicle-treated mice was lower without CuSO4 enhancement; but it is nearly identical to that seen in our previous studies in Swiss-Webster mice (4, 15) and by Silvestrini et al. in their study of the cancellous bone of rat tibia (29) . The increase in the absolute number of TUNEL-labeled cells observed with CuSO4 enhancement is consistent with the contention that this procedure allows cells undergoing the DNA degradation phase to be seen at an earlier stage. Prolongation or shortening of the time that apoptosis can be observed in a specimen, as a result of using more-or less-sensitive detection methods, influences the prevalence of the phenomenon. This influence, and the variability of the duration of the apoptosis process in different cell types, can account for reports estimating the TUNEL-labeled phase of apoptosis from as little as 1.5 hours to as much as 48 hours (30, 31) .
PTH-treated mice also exhibited increased osteocyte density -number per cancellous bone area (Table 1 and Figure 2 ). Osteocytes are former osteoblasts that have
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Figure 2
Distal femoral cancellous bone viewed with polarized light to reveal lamellar architecture. The increased areal density of osteocytes (arrowheads) in bone of animals receiving PTH can also be seen. ×200. Mice from the experiment shown in Figure 1 were sacrificed on day 28. The animals had been pretreated with tetracycline (5 µg/g, subcutaneously) on days 19 and 26. Osteoblast progenitors were measured using marrow cells from 1 femur. The average number of nucleated cells obtained from the femur of PTH-treated animals (19.8 ± 3.2 × 10 6 from SAMR1; 24.3 ± 3.0 × 10 6 from SAMP6) was indistinguishable from animals receiving vehicle (21.0 ± 2.7 × 10 6 from SAMR1; 21.5 ± 3.2 × 10 6 from SAMP6).
The remaining femur and lumbar vertebrae were fixed and embedded undecalcified in methylmethacrylate (3, 4, 15) . Femurs were used for histomorphometric analysis, and vertebrae were used for apoptosis determinations. Because osteoblasts in remodeling bone comprise a team, they were identified as cuboidal cells in a row of at least 3, lining the osteoid-covered trabecular perimeter. Osteocytes were identified inside lacunae of mineralized cancellous bone. For detection of apoptotic cells, sections were incubated with CuSO4 to enhance staining of the peroxidase reaction production during the TUNEL procedure, as described in Methods. Osteoblasts and osteocytes exhibiting both brown staining due to TUNEL and the morphological feature of nuclear condensation were counted as apoptotic. With these precautions, TUNEL has been unequivocally associated with apoptosis of osteoblasts and osteocytes in bone (4, 29, 50) . See Table 2 for a summary of apoptotic and nonapoptotic cell counts in individual animals. The data shown represent the mean ± SD of each measurement determined from bones from each animal. A P < 0.05 vs. vehicle by 1-tailed Student'scompleted their bone-forming function and are encased within lacunae of the mineralized bone matrix, 1 of the 3 possible fates of matrix-synthesizing cells, the other 2 being apoptosis and conversion to lining cells. Hence, an increase in osteocyte density is consistent with, and can only be accounted for by, a suppression of osteoblast apoptosis. Besides the effect on osteoblast apoptosis, intermittent PTH administration also inhibited osteocyte apoptosis (Tables 1 and 2 ). To determine whether the antiapoptotic effect of PTH was due to direct action of the hormone on osteoblasts and osteocytes, as opposed to indirect actions mediated by compensatory changes, the effect of PTH on apoptosis was examined using cell cultures. Addition of dexamethasone to primary cultures of osteoblasts isolated from neonatal murine calvaria, or to MLO-Y4 osteocytic cells (32) , induced apoptosis, as indicated by the appearance of pyknotic nuclei (Figure 3a) . Nuclear morphology was assessed by HOECHST dye staining for calvarial osteoblasts and by fluorescence for MLO-Y4 cells stably transfected with an EGFP vector containing a nuclear localization sequence. Practically identical results were obtained using TUNEL labeling to detect apoptotic cells (not shown). The proapoptotic effect of dexamethasone was attenuated by addition of 10 nM bovine PTH [bPTH(1-34)], regardless of whether nuclear fragmentation (Figure 3a) , trypan blue staining (Figure 3b ), or TUNEL labeling (not shown) was used to detect cell death. Based on experiments showing that at least 90% of trypan blue-stained cells also exhibited TUNEL labeling (not shown), subsequent studies were performed using trypan blue staining as an index of apoptosis. Figure 3b shows that PTH inhibited apoptosis stimulated by etoposide or dexamethasone in cultures of calvarial osteoblasts, MLO-Y4 cells, MC3T3-E1 murine osteoblastic cells, and MG-63 human osteoblastic cells. On the other hand, induction of apoptosis by TNF was not affected by PTH. As expected, the cell-permeable inhibitor of caspases required for the execution phase of apoptosis, DEVD-CHO (33, 34) , inhibited cell death regardless of the stimulating agent (not shown). The antiapoptotic effect of PTH could be blocked by the PTH/PTHrP receptor antagonist bPTH and was mimicked by dibutyryl cAMP, indicating that it was mediated through the PTH/PTHrP receptor and subsequent activation of adenylate cyclase (Figure 3c 
Discussion
The data presented in this report indicate that intermittent administration of PTH stimulates bone formation not by increasing the proliferation of osteoblast precursors, but by preventing osteoblast apoptosisthe fate of the majority of these cells under normal conditions (4, 15) -thereby prolonging the time spent in performing their matrix-synthesizing function. The antiapoptotic effect of PTH is exerted directly on osteoblasts; requires binding of the hormone to the PTH/PTHrP receptor; is mediated by cAMP-generated signals that interfere with some, but not all, death pathways; and occurs upstream of the common executing phase of apoptosis. Consistent with the results of the present studies in mice, the ability of intermittent administration of PTH to increase osteoblast numbers was not accompanied by an increase in the replication of osteoblast progenitors in the rat (35) . Moreover, the demonstration of the ability of PTH to inhibit osteoblast apoptosis is in full agreement with the antiapoptotic effect of PTHrP on chondrocytes during endochondral bone development (36, 37) . A cAMP-mediated inhibition of osteoblast apoptosis by PTH should be a rapid event; but the increase in bone mass is most likely the cumulative result of the repeated daily postponement of apoptosis over several generations of osteoblasts. Whether the observed prolongation of the life-span of osteocytes -the putative mechanosensors and most abundant cell type in bone (38) -contributes to the anabolic effect of PTH is an intriguing, but as yet unproven, possibility. Several lines of evidence support the notion that the antiapoptotic effect of PTH on osteoblasts is mediated by cAMP. Indeed, Machwate et al. (39) showed that periosteal cell apoptosis was inhibited by prostaglandin E through cAMP-dependent stimulation of sphingosine kinase. Moreover, whereas the G protein-coupled receptor for PTH stimulated apoptosis in cells expressing Gq (an activator of JNK and calcium signaling), PTH inhibited apoptosis in cells expressing Gs, an activator of adenylate cyclase (40) . Because osteoblastic cells uniformly produce cAMP in response to PTH, it is highly likely that the Gs-mediated antiapoptotic effect of PTH dominates in this cell type, exactly as we found in each of the osteoblastic cell preparations examined in the in vitro studies presented in this report.
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The Journal of Clinical Investigation | August 1999 | Volume 104 | Number 4 Osteoblasts (OBs) and osteocytes (OCTs) were identified in sections of lumbar vertebrae, and those exhibiting both brown staining due to TUNEL and pyknotic nuclei were counted as apoptotic, as described in Table 1 . Results from 2 separate TUNEL-staining procedures are shown. In the first, TUNEL was performed without CuSO4 enhancement (w/o CuSO4), and data were pooled from animals from each group for statistical analysis because of the low number of apoptotic osteoblasts seen with this method. In the second, CuSO4 (with CuSO4) was used to enhance TUNEL staining, and counts from each animal are shown. With the exception of the apoptotic osteocyte counts in the vehicle-treated SAMP6 group, there were no significant differences among the animals within each group. Pooled data (w/o CuSO4) were analyzed by logistic regression. A P < 0.0001 vs. vehicle. Data from individual animals were analyzed by GSK as described in Methods. B P < 0.001 vs. vehicle.
Results from a recent clinical study showed that daily subcutaneous injection of PTH is an effective treatment for glucocorticoid-induced osteoporosis (11) . The decreased bone formation rate and wall thickness of trabeculae -indicators of diminished work by osteoblasts and the in situ death of portions of bone that characterize glucocorticoid-induced osteoporosis -can be accounted for by a suppressive effect of glucocorticoids on osteoblastogenesis and promotion of apoptosis of osteoblasts and osteocytes (4) . The elucidation of the antiapoptotic effects of PTH in vivo, and the evidence that PTH antagonizes the proapoptotic effects of glucocorticoids in vitro, are in full agreement with these clinical observations. Furthermore, they provide a mechanistic explanation for the efficacy of PTH in glucocorticoid-induced osteoporosis, as well as compelling evidence that its antiapoptotic properties make PTH a rational pharmacotherapeutic choice for this condition.
Previous in vivo and in vitro studies have suggested that PTH can stimulate the replication of osteoblast progenitors (41) (42) (43) . However, the equivalent anabolic response of normal SAMR1 and SAMP6 mice with defective osteoblastogenesis to daily injections of hPTH , together with the failure to observe a stimulatory effect of the hormone on the number of osteoblast progenitors obtained from the marrow of either strain, strongly suggests that the anabolic effect of PTH is not dependent on increased osteoblastogenesis. Apart from decreased cell death, another potential source of new osteoblasts is the lining cells that cover quiescent bone surfaces (44) . These cells were once matrix-synthesizing osteoblasts, and have escaped apoptosis or encasement within bone as osteocytes to remain on the bone surface. It has been suggested that PTH can stimulate lining cells to undergo hypertrophy and to resume matrix synthesis (35, 45) . However, in the present study there was no change in lining cell morphology, which is quite distinct from that of osteoblasts (44) . In any event, such conversion would be insufficient to cover the expanded cancellous bone perimeter and to account for the increased osteocyte number and density we observed. These considerations do not eliminate the possibility that PTH activates lining cells in the early phase of treatment or stimulates the differentiation of osteoblast progenitors that are beyond the CFU-OB stage we examined in this study. Hence, additional experiments are needed to prove whether inhibition of osteoblast apoptosis by PTH is the sole mechanism responsible for the anabolic effect of the hormone.
In conclusion, the findings of this report indicate that prevention of osteoblast apoptosis is a crucial mechanism for the anabolic effects of PTH on bone. The demonstration of increasing work output of a cell population by suppressing apoptosis to augment tissue mass provides proof of the principle for regenerating tissues in general, and paves the way for the development of new pharmacotherapeutic strategies.
